Spiroborate anions based inorganic electrolytes and ionic liquids (ILs) have fascinating electrochemical and tribological properties, and have received widespread ers owing to preferential cation-π interactions. Furthermore, effects of molecular chiralities of [BMB] anions on thermodynamics and microstructural properties of tetraalkylphosphonium [BMB] ILs were studied by performing extensive atomistic interactions. Oxygen atoms in [BMB] anions have competitive hydrogen bonding interactions with hydrogen atoms in cations depending on molecular chiralities and steric hindrance effects of [BMB] anions. However, molecular chiralities of [BMB] anions have negligible effect on liquid densities of tetraalkylphosphonium [BMB] ILs and spatial distributions of boron atoms in anions around phosphorous atoms in cations. Enlarging tetraalkylphosphonium cation sizes leads to enhanced cationanion intermolecular hydrogen bonding and Coulombic interactions due to enhanced segregation of polar groups in apolar networks in heterogeneous IL matrices as verified from scattering structural functions.
Ionic liquids (ILs) represent an intriguing category of molten salts solely composed of inorganic or organic anions and, most commonly, organic cations having melting points at or close to room temperature [1] [2] [3] [4] . In recent years, ILs have received significant attention in diverse academia and industrial communities due to their multifaceted physicochemical properties, such as non-flammability, negligible volatility, reasonable viscosity-temperature features, high thermal-oxidative stabilities, wide electrochemical windows, as well as outstanding affinities to polar and apolar compounds [1, 2, [4] [5] [6] [7] [8] . These fascinating characteristics can be widely tuned in a controllable fashion via a judicious selection of ion moieties and by mutating specific atoms in constituent ion species [9] [10] [11] [12] [13] , and thus render ILs exceptionally attractive and reliable alternatives to conventional molecular liquids in applications spanning from solvents in materials synthesis to electrolytes in electrochemical devices [1, 3-6, 8, 14, 15] .
ILs consisting of spiroborate anions coupled with tetraalkylphosphonium, pyrrolidinium, and imidazolium cations present practical tribological advantages, and can be used as alternative high-performance lubricants and lubricant additives in tribology due to their outstanding friction reducing and anti-wear performance in comparison with conventional fully formulated engine oil in tribological contacts with a wide variety of solid materials [16] [17] [18] [19] [20] [21] [22] [23] [24] .
Therefore, the number of fundamental studies and industrial applications of spiroborate anions based ILs is growing rapidly in recent years.
Besides variations in cation structures, molecular chiralities of spiroborate anions have a significant effect on microstructures and dynamics, mesoscopic liquid morphologies, and macroscopic functionalities of these ILs in tribology, electrochemistry, and pharmaceutical chemistry [25] [26] [27] . The bis(mandelato)borate ([BMB]) anion based ILs are used as selectors for chiral discrimination of propranolol enantiomers [27, 28] . Both experimental [26] and computational studies [27, 28] showed that [BMB] anions contribute to distinct hydrogen bonding (HB) and π-π stacking interactions with propranolol enantiomers, leading to the formation of propranolol-[BMB] complexes with varied molecular stabilities depending on specific chiralities of [BMB] anions. In another work, Wong and coworkers presented experimental evidences that [BMB] anions are effective resolving agents for resolution of a chemically diverse range of racemic cations via metathesis crystallization [29] [30] [31] .
The significance of [BMB] anions with different molecular chiralities being sensitive to local ionic environments motivates us to explore their delicate associations with alkali metal ions and tetraalkylphosphonium cations, which may provide valuable information for selection and design of suitable electrolytes and lubricant additives with desirable physicochemical, structural, and functional properties for their applications in electrochemistry and tribology [12, 16, 17, 20-22, 24, 32] . In current work, we performed intensive density functional theory (DFT) calculations to study effects of molecular chiralities of [ 
II. BINDING STRUCTURES OF [BMB] ANIONS WITH ALKALI METAL IONS
DFT calculations were first performed to optimize molecular geometries of single [BMB] conformers, and thereafter their tight binding ion pair structures with alkali metal ions, respectively, using Gaussian 09 package [33] (version D.01) at B3LYP/6-311+G(d) level of theory [34] with Grimmes-D3 dispersion correction [35] . This dispersion correction is appropriate over medium (≈ 2-5Å) and long ranges (> 5Å), and is an effective method to obtain binding structures of complexes with reduced computational cost. Only molecular geometries with all positive vibrational frequencies were taken into consideration to ensure that the obtained anion structures of [BMB] conformers are in fact true minima in the corresponding energy landscapes. [BMB] conformers have the highest conformational energies, respectively, attributing to unbalanced intramolecular forces within [BMB] anionic frameworks. It is noted that the conformational energy difference between all these [BMB] conformers is less than 1 kJ/mol, indicating that these [BMB] conformers may co-exist in IL samples, which is consistent with that obtained from NMR spectra [29] . However, the precipitation of twisted B ( Table I . The central moieties in [BMB] anions are polar and have significant negative charge, leading to varied HB capabilities of three oxygen atom types with HP atoms (as labelled in Fig. 1 ) in tetraalkylphosphonium cations [36] , and with polar solute molecules, like water [36, 37] . complexes and the summation of conformational energies of separately optimized ion species.
These binding energies are corrected for basis sets superposition error (BSSE) using counterpoise procedure [38] . The relative binding energies of three alkali metal ions with six
[BMB] conformers are listed in Table I , and the corresponding optimized ion pair structures are shown in Fig. 3 , Fig. 4 , and Fig. 5 , respectively. framework [10, 44] . The cross interaction parameters between different atom types are obtained from the Lorentz-Berthelot combination rules. It is noteworthy that during force field development for tetraalkylphosphonium orthoborate ILs in our previous work [10] , both tetraalkylphosphonium cations and orthoborate anions were described by unity charges and all atomic partial charges were determined by fitting molecular electrostatic potential generated from DFT calculations of individual ions. In recent computational studies, it has been suggested that a down-scaling of atomic partial charges is an effective way to account for polarization and charge transfer effects between ion species, and thereby can improve reliability of calculations of dynamical and transport quantities of ILs [45, 46] . It was identified in a recent study that a charge scaling factor of 0. Ref. [16] are also provided in Fig. 11 for a Fig. 11(B) 
HB interactions between ion species in ILs are one of the most important interactions,
and have a significant effect on ion packing structures in local ionic environments [49] [50] [51] [52] [53] [54] [55] . In current work, we studied HB interactions between tetraalkylphosphonium cations and [BMB] anions having varied molecular chiralities. For all these tetraalkylphosphonium [BMB] ILs, HP atoms in cations (as labelled in Fig. 1 ) are potential HB donor sites [13, 55] and all three oxygen atom types in anions (as labelled in Fig. 1 ) are preferential HB acceptors, respectively. (lower panels) cations with three oxygen atom types (OA, OB, and OC atoms as labelled in Fig. 1) in [BMB] anions having varied molecular chiralities. to increased intermolecular interactions between phosphorus and boron atoms in respective ion groups, as clearly manifested in right column in Fig. 13 , owing to enhanced segregation of polar groups in apolar networks in heterogeneous IL matrices [13, 53] .
In addition, we calculated the total X-ray scattering structural function, S(q), using a summation of atom type based partial components as S(q) = n i=1 n j=1 S ij (q), to explore an overall effect of molecular chiralities of [BMB] anions and variations of tetraalkylphosphonium cation structures on microstructural ordering characteristics in tetraalkylphosphonium
[BMB] ILs. The S ij (q) is a partial structural function between atoms types i and j and is given by
.
x i and x j are mole fractions, and f i (q) and f j (q) are X-ray atomic form factors of atom types i and j in simulation systems [56] , respectively. g ij (r) is the partial RDF between atom types i and j, including both intra-and intermolecular pairs. ρ 0 = Natom <L 3 > refers to an averaged atom number density of a simulation system and L is the simulation box length. W (r) is a Lorch window function defined as W (r) = sin(2πr/L) 2πr/L , which is used to minimize effect of finite truncation of r for the calculation of g ij (r). For a simulation system of moderate size, this window function does not hinder the physical meaning of peaks and anti-peaks in S(q) plots [11, 13, 57, 58] . molecular chiralities. Such a two-peak-plot is a general feature for tetraalkylphosphonium ILs, and is mainly attributed to bulky and voluminous structures of cations and their strong coordinations with anions via strong Coulombic interactions between polar groups in respective ion species and preferential hydrophobic interactions among alkyl and phenyl moieties in constituent ions [13, 55, 59, 60] . These peak positions are essential characteristic hallmarks of their microstructural landscapes, indicating particular microscopic ion ordering phenomena at different length scales in tetraalkylphosphonium [BMB] IL matrices [11, 13, 53, 55, [57] [58] [59] .
The peaks at intermediate q range around 0.76 nm −1 are an indicative of mesoscopic liquid organization characterized by positive-negative charge alternations in IL matrices [11, 13, 55, 57, 59, 61, 62] . This charge ordering behavior is the need to maintain a latticelike arrangement of cations and anions to minimize Coulombic interactions in IL matrices, and thus is associated with a length scale between ions of the same charge separated by ions of opposite charge [11, 13, 53, 55, 57, 58, 62] . For some ILs, this charge alternation peak is present as a weak shoulder because of an almost complete cancellation of peaks and anti-peaks that offset this ordering phenomena at intermediate length scale [13, 59] . The prominent peaks at high q values near 1.51 nm −1 are associated with short range adjacency correlations originated from nearest neighboring ion species [11, 13, 53, 55, 57, 58, 60] . In fact, this peak mainly originates from apolar adjacency correlations between ion species, as has been verified in previous studies [11, 13, 58, 59, 62] .
Either for the total X-ray scattering structural functions or the partial structural functions for cation-anion/anion-cation ( Fig. 14B ), cation-cation (Fig. 14C) , and anion-anion ( Fig. 14D ) subcomponents in [P 4,4,4,4 ] [BMB] ILs, the dependence of charge alternations and adjacency correlations in these scattering structural functions on molecular chiralities of [BMB] anions is negligible. This is expected as scattering structural functions are intrinsically determined by RDFs between different atom pairs. It is shown in Fig. 13 one expects to find a same-charge ion there is a systematic absence of ions having opposite charge [11, 13, 53, 55, [57] [58] [59] [60] . In addition, all partial scattering structural functions present positive contributions to adjacency correlations between neighboring ion species at high q values around 1.51 nm −1 but with different portions of contribution.
Different to the effect of molecular chiralities of [BMB] anions on scattering structural functions for tetraalkylphosphonium [BMB] ILs, the variation of cation structures from [P 4,4,4,4 ] to [P 4,4,4,8 ] and [P 6, 6, 6, 14 ] has a significant effect on RDFs (Fig. 13) , scattering structural functions (Fig. 15 ), and microscopic liquid morphologies ( Fig. 16 ). Enlarging cation sizes from [P 4,4,4,8 ] to [P 6,6,6,14 ] leads to a concomitant shift of scattering peaks for charge alternations and adjacency correlations to lower q values (corresponding to larger characteristic distances for apolar domains in real space) in total and partial scattering structural functions [11, 13, 53, 55, 59] . These computational results are rationalized by dispersed distributions of polar domains consisting of central oxalato moieties in anions and central P(CH 2 ) 4 groups in cations in apolar networks consisting of phenyl groups in anions and remaining alkyl moieties in cations, and the expansion of apolar networks in IL matrices with lengthening alkyl chains in tetraalkylphosphonium cations, as shown in Fig. 16 . Such a microstructural change in tetraalkylphosphonium [BMB] IL matrices has an impact on the number of counterions present in the solvation shells of a given ion, and an even bigger effect on the distributions of (same-charge) ions nearby, and thus contributes to distinct changes in peak positions for charge alternations and adjacency correlations at low and high q values, respectively. This observation is, in general, consist with computational results for imidazolium oxalatoborate ILs with cations having varied alkyl chains [52, 53] and for ILs consisting of tetraalkylphosphonium cations coupled with chloride, bromide, dicyanamide, and bis(trifluoromethylsulfonyl)imide anions [13, 55, 58, 60] . anions and the remaining alkyl groups (dark grey) in tetraalkylphosphonium cations.
IV. CONCLUDING REMARKS
Spiroborate anions based inorganic electrolytes and ILs have fascinating physicochemical and structural properties, and have promising applications in tribology and electrochemistry.
Besides variations in cation structures, molecular chiralities of spiroborate anions have a sig-nificant effect on their macroscopic functionalities in these applications due to their specific binding structures and preferential interactions with neighboring ions in liquid matrices. A thorough understanding of delicate associations between spiroborate anions and the paired cation species will provide valuable information for the selection and design of suitable lubricants and solvent electrolytes with desirable physicochemical properties for their specific applications.
In current study, we performed intensive DFT calculations to study specific binding struc- 
